Insulin suppresses glucose production (GP) via both extrahepatic (indirect) and hepatic (direct) effects. We have shown that the direct effect, undetectable in moderately hyperglycemic diabetic dogs, is restored by insulin-induced euglycemia. The first aim of the present study was to determine whether euglycemia per se, and not the excess insulin needed to obtain it, restores the direct effect of insulin on GP. Basal insulin was given portally in depancreatized dogs to attain only moderate hyperglycemia, then an additional insulin was given portally or peripherally to match the peripheral insulin levels and thus to obtain a greater hepatic insulinization with portal delivery. Plasma glucose was allowed to fall to euglycemia before a euglycemic clamp was performed. During euglycemia, there was a tendency (PZ0$075) for greater suppression of GP by portal than peripheral insulin. Also, there was a significantly different effect of time (PZ0$01) on GP in the two groups, with greater suppression over time in the portal group. The second aim was to test the hypothesis that because of inadequate hepatic insulinization and consequent lack of direct inhibition of GP, peripheral insulin replacement requires peripheral hyperinsulinemia to achieve euglycemia. Portal or peripheral insulin was given to achieve euglycemia and basal GP, and insulin levels were measured. More peripheral insulinemia was required with peripheral than portal insulin replacement to maintain similar euglycemia and GP. Our conclusions are as follows: (1) euglycemia per se is sufficient to acutely restore the direct effect of insulin on GP and (2) at euglycemia, peripheral replacement of insulin, as in insulin-treated diabetes, results in peripheral hyperinsulinemia but unchanged basal GP.
Introduction
It is well established that insulin has direct and indirect inhibitory effects on glucose production (GP). The direct effect is due to interaction of hepatic sinusoidal insulin with the hepatocyte insulin receptor (Lewis et al. 1996 , Sindelar et al. 1996 , 1997 , 1998 , McCall et al. 1998 , Staehr et al. 2001 and the indirect effect is due to insulin's actions on extrahepatic tissues, such as muscle and adipose tissue (Prager et al. 1987 , Ader & Bergman 1990 , Lewis et al. 1996 , Sindelar et al. 1996 , 1997 , 1998 , McCall et al. 1998 , Staehr et al. 2001 ), a cells (Giacca et al. 1997) , and brain (Obici et al. 2002) .
The importance of the direct and indirect effects of insulin in the regulation of GP appears to be different in the non-diabetic versus diabetic individuals. Our laboratory has previously reported a lack of the direct effect of insulin in suppressing GP in moderately hyperglycemic depancreatized dogs as suppression of GP was proportional to peripheral, but not hepatic sinusoidal insulin levels (Giacca et al. 1992 . Furthermore, in our collaborative studies, the direct effect of insulin on steadystate GP was undetectable in humans with type 2 diabetes and moderate hyperglycemia (Lewis et al. 1999) .
In a subsequent study (Gupta et al. 2002) , portal insulin infusion (POR) matching the peripheral insulin levels, obtained with half dose peripheral infusion (1/2 PER), led to the greater suppression of GP than 1/2 PER under conditions of euglycemia, consistent with the greater hepatic insulinization obtained with portal insulin delivery. This finding demonstrated that euglycemia can restore the direct suppressive effect of insulin on GP, indicating that hyperglycemia may impair this effect. Hyperglycemia can inhibit glycogenolysis, thereby shifting GP to gluconeogenesis (Rossetti et al. 1993) . This can, in turn, diminish the direct suppressive effect of insulin on GP, which mainly consists of glycogenolysis (Sindelar et al. 1996) . In the study by Gupta et al. (2002) , additional insulin was infused to lower blood glucose from hyperglycemia to euglycemia during the basal period; therefore, it still remains to be demonstrated that euglycemia per se, rather than the extra amount of insulin infused, induced the direct effect of insulin observed. Furthermore, it is not clear whether at euglycemia, the direct effect of insulin has an insulin-sparing effect, i.e. less peripheral insulin is required to maintain euglycemia with portal replacement (POR REPL) compared with peripheral insulin replacement (PER REPL). The latter is of clinical importance as hyperinsulinemia is a suspected risk factor for atherosclerosis and some types of cancer (Despres et al. 1996 , Giovannucci 2001 . The objective of the present study was to address these two issues.
More specifically, we wished to determine whether portal infusion of insulin suppresses GP to a greater extent than peripheral insulin infusion, when euglycemia is reached after a basal period of moderate hyperglycemia. Therefore, we reproduced the experimental conditions of Giacca's study (Giacca et al. 1992 ; moderate hyperglycemia obtained by subbasal insulin replacement followed by additional infusion of insulin at the same rates as in Giacca's study); however, instead of clamping plasma glucose at the basal hyperglycemic levels, we allowed the plasma glucose levels to decline during the same-rate insulin infusion in order to obtain a selective difference in plasma glucose between the two studies (as well as between the first and the last part of the experiment in the present study). As in Giacca's study (Giacca et al. 1992) , POR was compared with peripheral infusion at approximately half the rate (1/2 PER), as first pass hepatic extraction of portally delivered insulin is approximately 50%. We also wished to determine whether the POR REPL dose of insulin required to maintain euglycemia leads to lower peripheral insulin levels, compared with the PER-REPL dose of insulin. We hypothesized that (1) POR suppresses GP to a greater extent than 1/2 PER when euglycemia is reached and (2) lower peripheral circulating insulin is needed with POR-REPL than with PER-REPL to attain euglycemia.
Materials and Methods

Experimental animals and preparation
The studies were performed on six post-absorptive depancreatized male dogs (model of type 1 diabetes mellitus) weighing 25-35 kg. Total pancreatectomy followed by cannulation of portal vein, jugular vein, and carotid artery was performed under general anesthesia as previously described (Gupta et al. 2002) . The animal model and preparation were the same as in our previous studies (Giacca et al. 1992 , Gupta et al. 2002 . All procedures were in accordance with the Canadian Council of Animal Care Standards and were approved by the Animal Care Committee of the University of Toronto.
The dogs received a mixture of dry chow mixed with canned meat once a day. The food was supplemented with folic acid and iron. In addition, pancreatic enzymes (Cotazym, Organon Canada, Toronto, ON, Canada) were given orally to replace the lost exocrine function of the pancreas. Regular porcine (Iletin II regular insulin, Eli Lilly Co.) and NPH porcine insulin in an approximate ratio of 1:2 were injected subcutaneously. Glycemia was measured using a glucometer (Bayer Inc.). The insulin dose was adjusted according to blood glucose, in order to maintain fasting glycemia at !11 mmol/l. Body weight, body temperature, hematocrit, stools, and food intake were monitored regularly.
Only dogs that were healthy, with a hematocrit above 35% and under relatively well-controlled diabetes (glucose !11 mmol/l), were allowed to undergo experiments. The dogs received a normal amount of food, the day before the experiment. The regular insulin dose was unaffected and the NPH insulin was reduced to half or one-third of the previous day's dose. The experiments were performed after an overnight fast of at least 18 h. Of the six dogs, five underwent Protocol 1 and six underwent Protocol 2 (all paired experiments). This discrepancy in the number of dogs used for each protocol was due to occlusion of the portal catheter in one of the dogs, which had been used for Protocol 2 first. The experiments were performed in random order.
Experimental protocol (Fig. 1 ) Protocol 1 Similar to our previous studies, at the onset of the experiment, the dogs were hyperglycemic (O20 mmol/l) and a high POR rate was administered, which was gradually reduced to a basal rate. Instead of obtaining euglycemia, as in Gupta's study (Gupta et al. 2002) , the goal was to reach moderate hyperglycemia (9-11 mmol/l) as in earlier studies (Giacca et al. 1992) . The portal dose to achieve moderate hyperglycemia during the basal period ( Fig. 1 ) was 1$8G0$2 (POR) and 1$4G0$2 pmol/kg per min (1/2 PER; NS). When glucose levels decreased below 16 mmol/l (w80 min after the insulin infusion was started), a bolus of tracer (7$77!10 7 d.p.m. of 3-[ 3 H] glucose; New England Nuclear, Boston, MA, USA) followed by a continuous tracer infusion (5$55! 10 5 d.p.m./min) was given to enable the measurements of GP and glucose utilization (GU). Approximately 120 min were required to reach moderate hyperglycemia after the tracer infusion was initiated, and an additional 60 min period of constant moderate hyperglycemia elapsed before the first basal sample was taken at K40 min. At that time, the insulin infusion (portal insulin replacement) had been kept fixed at a basal rate for R30 min. Both the portal insulin replacement and the tracer infusion were continued throughout the experiment. Basal samples were taken every 10 min for 40 min. After 40-min basal period, an additional insulin dose (5$4 pmol/kg per min; as in Giacca's study (Giacca et al. 1992) ) was administered either portally or peripherally at half the portal dose to match the peripheral insulin levels obtained with the POR treatment (due to w50% insulin extraction by the liver) and also to obtain a large difference in the estimated hepatic insulin levels. The dose that matched the peripheral insulin levels was slightly lower than 50% (2$34 pmol/kg per min) of the portal dose and was determined experimentally (Gupta et al. 2002) . Unlike Giacca's study (Giacca et al. 1992) , in which plasma glucose was clamped at the basal hyperglycemic level, in this study, the glucose levels were allowed to fall until euglycemia was achieved and then plasma glucose was clamped for the remainder of 3 h at euglycemia with a variable exogenous glucose infusion (50% dextrose, Abbott Laboratories), adjusted according to plasma glucose concentrations determined every 5 min. Furthermore, whereas in the Giacca's study (Giacca et al. 1992 ), a 'hot glucose' infusion was required to maintain the plasma glucose specific activity; in this study, since GU changed to a lesser extent than GP, 'cold glucose' was needed to maintain plasma glucose specific activity constant. Blood samples were taken at repeated intervals for the same determinations of plasma radioactivity, metabolites, and hormones ( Fig. 1, top 
panel).
Protocol 2 A second study was conducted in which insulin was infused portally or peripherally from the onset of the experiment and then gradually reduced as described for protocol 1. However, the purpose was to achieve euglycemia, as in Gupta's study (Gupta et al. 2002) . The insulin infusion rates required to achieve euglycemia ( Fig. 1) were 4$1G0$5 (POR REPL) and 2$0G0$2 pmol/kg per min (PER REPL). As described for protocol 1, a primed tracer infusion was initiated when glucose levels were !16 mmol/l to enable the measurement of glucose turnover. We reached euglycemia approximately 120 min thereafter and an additional 60 min elapsed before the first basal sample was taken at -40 min. At that time, the insulin infusion had been kept fixed at a basal rate for 30 min. We measured basal GP and GU, metabolites and hormones up to time 0. At time 0, the experiment was interrupted (we did not perform the additional POR or PER; Fig. 1, bottom panel) .
Laboratory methods
Plasma glucose concentrations were measured by the glucose oxidase method (Kadish & Sternberg 1969 ) on a glucose analyzer (Glucose Analyzer II, Beckman Instruments, Fullerton, CA, USA). The RIA for insulin and glucagon was performed using kits from Pharmacia and Diagnostic Products respectively. The coefficients of variation of the assays were !7 and !16% respectively. The free fatty acid (FFA) concentrations were determined with the fluorometric method of Miles et al. (1983 POR REPL or PER REPL to achieve and maintain euglycemia Figure 1 Experimental design. Briefly, in Protocol 1, depancreatized dogs were given a sub-basal insulin infusion to obtain moderate hyperglycemia in the basal state. Thereafter, additional insulin was infused portally or peripherally to match the peripheral insulin levels and the glucose levels were allowed to fall to euglycemia. Protocol 2 involves short experiments with portal or peripheral basal insulin replacement to achieve basal euglycemia (note: the time indicated is not to scale).
hydroxide (Sigma Diagnostics). An aliquot of the supernatant was evaporated to eliminate tritiated water. After addition of 1 ml double distilled water, 10 ml liquid scintillation solution (Ready Safe, Beckman) was added, the vials were vortexed, and the radioactivity from 3-[ 3 H]-glucose was measured in a b scintillation counter (Camberra Packard, Meriden, CT, USA). Aliquots of the infused glucose tracer and of the labeled glucose infusate were diluted with non-radioactive plasma of the same dog and assayed together with the plasma samples.
Calculations GP was calculated as the endogenous rate of appearance measured with 3-[ 3 H]-glucose using Steele's methods (Finegood et al. 1987) . GU was the tracer-determined rate of disappearance (Rd), whereas glucose metabolic clearance rate (MCR) was calculated as Rd/[plasma glucose] (Radziuk & Lickley 1985) . Rd corresponded to GU, and plasma clearance rate of glucose to glucose MCR, because plasma glucose levels were below the renal threshold for glucose in dogs (Bjorkman et al. 1988) . Data were smoothed with the optimal segments routine using the optimal error algorithm (Bradley et al. 1993) .
In Protocol 1, we calculated the first-pass hepatic insulin extraction (HIE) of portally delivered insulin using the following formula: 
Statistical analysis
The data are expressed as meanGS.E.M. Two-way ANOVA or paired t-test was carried out for differences between experimental groups as appropriate. Data were also analyzed within each group for differences between the experimental periods. Calculations were performed with SAS software (SAS Statistical Analysis System, Cary, NC, USA).
Results
Protocol 1
The following results are based on an nZ5 for POR and 1/2 PER. The basal peripheral insulin levels were 40G5 and 33G 1 pmol/l (not significant; NS) in the POR and 1/2 PER groups respectively (Fig. 2A) . The additional POR in the POR treatment raised the peripheral insulin levels to w140 pmol/l, which was not different from peripheral insulin levels observed in 1/2 PER ( Fig. 2A) . Insulin extraction by the liver was calculated to be 55%. The basal plasma glucose levels were maintained constant at moderate hyperglycemia (w10 mmol/l). Throughout the course of the experiment, the glucose levels declined equally, until euglycemia was reached between 90 and 105 min. Thereafter, the glucose levels were clamped for the remainder of the experiment (Fig. 2B) . Plasma glucose specific activity increased slightly during the insulin infusion (this is why 'hot glucose' infusion was not needed). The increase was w20 and 13% in the POR and 1/2 PER groups respectively (Fig. 2C) . The glucose infusion rates necessary to maintain euglycemia were slightly, but not significantly, higher in 1/2 PER than POR (PZ0$088; Fig. 3A) . At 180 min, glucose infusion rate reached 15$4G4$3 mmol/kg per min in 1/2 PER compared with 11$6G2$7 mmol/kg per min in POR.
The GU in the basal periods was similar in the POR and 1/2 PER treatments respectively. Because of the glucose decline, GU increased only marginally with both POR and 1/2 PER except in the last 40 min, when GU was significantly higher in 1/2 PER (P!0$001; Fig. 3B ). MCR rose with both POR and 1/2 PER (Fig. 3C ). In the last 40 min, MCR was greater in 1/2 PER than POR (P! 0$01). At 180 min, GU was 26$9G4$2 mmol/kg per min in 1/2 PER compared with 22$3G2$2 mmol/kg per min in POR, whereas MCR was 4$44G0$78 and 3$89G0$47 ml/ kg per min respectively.
Basal endogenous GP was 18$1G1$5 and 18$2G 1$7 mmol/kg per min in the POR and 1/2 PER treatments respectively. When the additional insulin was given, GP was suppressed to the same extent for most of the experiment. However, during the last 20 min, the POR treatment tended to suppress GP to a greater extent than the 1/2 PER treatment (PZ0$075; Fig. 3D ). At 180 min, GP was 13$5G 2$5 mmol/kg per min in 1/2 PER compared with 9$36G 1$5 mmol/kg per min in POR, which was also not significantly different between treatments. However, when only the portal treatment was considered, the decrease in GP from 90 or 105 min to the 180 min time-point was very close to statistical significance (PZ0$055 or 0$057 respectively). In addition, after 90 min there was a significant interaction between time and treatment (PZ0$01), which is evidence for a significantly different effect of time on GP with POR versus PER (i.e. separation of the two groups over time).
The basal FFA levels were not significantly different between the POR and 1/2 PER groups. During the additional insulin infusion, the FFA levels declined to a slightly greater extent in 1/2 PER (P!0$01; Table 1 ). The basal glucagon levels were similar in the POR and 1/2 PER groups. During the additional insulin infusion, the glucagon levels declined modestly (P!0$05) to a slightly lower level in 1/2 PER than POR (P!0$01; Table 1 ).
Protocol 2
The following results are based on nZ6 for POR-REPL and PER-REPL. The plasma glucose levels were equal and in the euglycemic range (POR-REPL 6$1G0$2, PER-REPL 6$4G0$1 mmol/l, NS; Fig. 4A ). Endogenous GP (GPZGU in basal steady-state conditions like those of this protocol) was not significantly different in the POR-REPL and PER-REPL treatments respectively (Fig. 4B) .
The peripheral insulin levels were significantly higher in the PER-REPL (P!0$01) than in POR-REPL (PER-REPL: 102G13 pmol/l, POR-REPL 57G4 pmol/l, Fig. 4C ). Insulin extraction by the liver was 58$3%. The FFA levels tended to be lower in PER-REPL (795G 94 mequiv./l) than POR-REPL (936G110 mequiv./l); however, the difference was not significant (PZ0$12; Fig. 4D ). The glucagon levels were similar in both treatments (POR-REPL 56G4 pg/ml, PER-REPL 58G4 pg/ml, NS).
Discussion
Protocol 1
We have previously found a direct effect of insulin, i.e. greater GP suppression by POR than 1/2 PER in euglycemic (Gupta et al. 2002) , but not moderately hyperglycemic dogs (Giacca et al. 1997 . However, in euglycemic dogs, more insulin had to be infused in the basal state to achieve euglycemia rather than moderate hyperglycemia and this basal infusion was continued throughout the experiment (Gupta et al. 2002) . Therefore, during the clamp period, not only glucose but also insulin infusion was different. It is possible that this extra insulin and not euglycemia per se could induce a direct effect. Therefore, in Protocol 1 of the present study, insulin was administered until we reached moderate hyperglycemia in the basal period, as performed previously (Giacca et al. 1992) . To examine the effect of euglycemia per se on the direct effect of insulin, the glucose level was allowed to fall until euglycemia was reached. At this point, insulin levels were the same as in Giacca's study (Giacca et al. 1992 ) and the two studies were different only in terms of the glucose levels. Similar to Giacca's study (Giacca et al. 1992) , at hyperglycemia there was no difference between treatments as GP was suppressed equally. However, near the end of the experiment, when euglycemia was reached, there was a trend towards greater suppression of GP with POR compared with 1/2 PER and a significant time-related separation of the two groups. This is contrary to Giacca's study (Giacca et al. 1992) , but similar to Gupta's study (Gupta et al. 2002) . Unlike Giacca's (Giacca et al. 1992 ) and Gupta's (Gupta et al. 2002) studies, glucose infusion rate and GU were not the same in both groups despite the peripheral insulin levels being matched. Also, FFA and glucagon levels were slightly but significantly lower in 1/2 PER. These differences were small and their explanation is unclear. It is possible that there were random differences in peripheral insulin sensitivity between the paired experiments in the same animals (although ours was not a 'gold standard' protocol to assess peripheral insulin sensitivity because glucose levels declined, peripheral insulin and glucose levels were matched in POR and 1/2 PER groups, so differences in Rd and MCR should reflect differences in peripheral insulin sensitivity). This may be supported by the fact that the insulin infusion rates that were necessary to achieve euglycemia in the basal period, although not significantly different, were lower in the 1/2 PER group.
Until w150 min, GP was suppressed to the same extent in both treatments. However, after 150 min, the suppression of GP tended to be greater with POR than 1/2 PER despite higher FFA and glucagon levels with the POR treatment. This would indicate that a direct effect of insulin was likely to have been underestimated in the POR group. Another aspect that we wished to study with this protocol was the timecourse of the effect of euglycemia in restoring the direct effect. Once euglycemia was achieved between 90 and 105 min, the GP suppression curves significantly diverged overtime. This time-course is consistent with an acute effect of correction of hyperglycemia on GP.
Protocol 2
A significantly lower level of insulin in the peripheral circulation was needed with POR-REPL than PER-REPL. This finding suggests that POR-REPL achieved the same glucose levels because of an effect of the greater hepatic insulinization on suppressing GP. This direct effect was found w60 min after achievement of euglycemia (as our first basal sample was taken after 1 h euglycemia). The insulin dose required to achieve euglycemia was w50% of the portal dose, which suggests that this direct effect was small. However, since the insulin extraction in these dogs was w60%, for no direct effect to be present, the PER-REPL dose would have had to be w40% of the POR-REPL dose. GP and GU were the same with both POR-REPL and PER-REPL. This is surprising because, with higher peripheral and expected lower portal insulin levels in PER-REPL, a higher GPZGU was expected. However, it is likely that greater peripheral insulin levels in PER-REPL inhibited GP by an indirect mechanism but did not modify GU. This is not surprising since we have shown that small increases in peripheral insulin levels above basal do not affect GU in these dogs .
Of the possible mediators in the indirect mechanism of GP suppression by insulin, FFAs tended to be lower, but were not significantly affected by PER-REPL, whereas glucagon was not changed. Our finding of indirect effects of insulin on suppressing GP in the absence of changes in FFA and glucagon indicates alternate mechanisms for suppression of GP by insulin. One potential site of the indirect suppression of GP is the brain (Obici et al. 2002) , although the central action of insulin to suppress GP acutely has been questioned in the dog (Edgerton et al. 2006) .
The present results show that the peripheral route of insulin treatment can induce peripheral hyperinsulinemia and that euglycemia can be achieved with less systemic insulin levels with portal versus peripheral acute insulin treatment. We have shown in streptozotocin diabetic rats that GP is suppressed to a greater extent following chronic i.p. than s.c. insulin treatment despite marked peripheral hyperinsulinemia with s.c. treatment (Wan et al. 2000) . This suggests that the direct effect of insulin is more accentuated during chronic insulin treatment, probably due to insulin's effect on the gene expression and activity of hepatic enzymes (Mason et al. 2000) .
Conclusions
In the present study, we have shown that, in moderately hyperglycemic depancreatized dogs, portal insulin infusion appears to be more effective than peripheral insulin infusion in suppressing GP once euglycemia is achieved. Furthermore, under conditions of euglycemia, less peripheral insulin was required to match glucose and glucose production levels with portal replacement of insulin than with peripheral replacement of insulin, which suggests that portal replacement of insulin achieved the same glucose levels via a direct effect of greater hepatic insulinization on glucose production. These studies clearly show that the direct effect of insulin in suppressing glucose production is present in a model of type 1 diabetes under euglycemic conditions and that its deficiency during peripheral insulin delivery can account in part for the peripheral hyperinsulinemia of insulin-treated diabetes. Based on these findings, future studies aimed at producing safe and relatively non-invasive portal insulin delivery systems are warranted.
